In this paper, we study the performance of cooperative millimeter wave (mmWave) networks using various precoding schemes. In our proposed method, multiple base stations (BSs) can jointly serve users and the BSs associated with no users are put into sleep mode to reduce the power consumption.
I. INTRODUCTION
5G networks are seen as the next revolution in wireless communications, promising high bandwidth, high energy efficiency, wide coverage, high reliability and low latency [1] . Particularly, compared to 4G, future networks are expected to support a wide range of use cases, including enhanced mobile broadband with 10 3 times higher user data rate, massive machine type communications with 10 4 times more connected low-cost devices, and critical machine type communications with ultra reliability and low latency in the order of milliseconds [2] . In order to meet the requirements, different key technologies are currently being considered in 5G, among which network densification [3] , millimeter wave (mmWave) and massive multiple-input multiple-output (MIMO) [4] are of particular interest.
Due to the ever-growing mobile data demand, conventional networks operating on the sub-6
GHz spectrum are becoming overcrowded. On the other hand, the mmWave spectrum, in the range of 6-100 GHz, remains largely unused. Therefore, one of the key features of 5G is to utilize the large bandwidth at carrier frequency > 6 GHz and to provide gigabytes-per-second data rate. However, one of the main drawbacks of mmWave frequency signals is the high path loss, which may result in a shorter communication range. With the roll out of small BSs, which only cover an area of few hundreds of meters [3] , [5] , [6] and the adoption of large antenna arrays that can provide high array gain and directional transmissions, mmWave-enabled networks can become practical. Other challenges in mmWave cellular systems include channel modeling and precoder design. Channel measurements have been conducted on various carrier frequencies in various scenarios [7] , [8] , in order to validate simulated data with field measurements and identify the requirements of key system design parameters. As mmWave signals are sensible to blocking, the difference between line-of-sight (LOS) and non-line-of-sight (NLOS) paths need to be considered in the path loss estimation. Environment-dependent path loss exponents and LOS probabilities were proposed in recent studies to improve the accuracy of the path loss models for mmWave communications [9] - [12] .
In order to compensate the high path loss and maintain a sufficient link budget, precoding with large number of antennas is essential for mmWave BSs to serve multiple users with multiple data streams simultaneously. However, the conventional fully digital precoding (FDP) architecture, which requires a complete radio-frequency (RF) chain and a digital-to-analog converter (DAC) or analog-to-digital converter (ADC) per antenna, may be infeasible as the cost of hardware increases rapidly with the number of antennas. To reduce the cost as well as the complexity of the hardware, the hybrid beamforming architectures, which use less RF chains and DACs/ADCs than the number of antennas, have been proposed [13] - [24] .
Depending on the extent of connections between the RF chains and antennas, the hybrid precoding architecture can be categorized as the fully-connected hybrid precoding (FHP) and the partially-connected hybrid precoding (PHP) architecture. The FHP architecture requires each antenna to be connected to all RF chains via phase shifters (PSs) and has been shown to achieve a spectral efficiency close to that of the FDP in a single BS setup [13] - [16] . Even though the FHP reduces the power consumption by using less RF chains, it may still need a large number of PSs as the number of antennas grows, which poses other challenges such as high PS power consumption, insertion loss, and wiring complexity [17] . For this reason, by allowing each RF chain to be connected to a part of the antennas, the PHP architecture is proposed to further reduce the number of PSs, and various PHP schemes have been studied to optimize the spectral efficiency [17] - [19] and achieve better energy efficiency than the FHP architecture [20] - [24] .
In multi-cell scenarios, coordination between BSs is required to alleviate inter-BS interference and reduce service outage. If multi-user channel state information (CSI) is shared among the BSs, power allocation and beam directions can be coordinated for interference management.
Furthermore, if user data is available to all BSs, a full cooperation allows a user to receive multiple data streams from different BSs. In this way, the precoders can be jointly designed utilizing the global CSI information of the network. For the FDP, many cooperation schemes have been proposed to optimize the system performance in multi-cell networks [25] - [28] . Also, coordinated multi-cell systems based on hybrid precoding have been studied in terms of spectral efficiency optimization [29] , [30] . Considering predefined beam patterns and serving each user from only one BS, analog precoders have been jointly selected to maximize the users' data rates [29] . In [30] , the performance of interference coordination based on the signal-to-leakageplus-noise-ratio and regularized zero-forcing hybrid precoding methods were studied in terms of spectral efficiency. In addition, a measurement-campaign-based study for cooperative mmWave BSs is shown to significantly reduce the outage and improve spectral efficiency [31] .
Despite the advantage of multi-cell cooperation in terms of high spectral efficiency, there is a lack of studies on optimizing the energy efficiency of hybrid-precoding-based cooperative multi-cell mmWave networks. Studying such problems is of interest, because one of the main motivations for hybrid precoding is to reduce the power consumption without much performance loss. In order to accurately quantify how power savings of specific architectures improve the energy efficiency of mmWave systems, power models that consist of hardware and system-level power consumption have been used [21] , [32] , [33] .
In this paper, we propose a hybrid precoding algorithm for minimizing the sum power consumption of the BSs in a cooperative mmWave network subject to per-user rate constraints and per-BS maximum power constraints. The contributions of this paper are as follows. We first present a fairly realistic power model including the BS sleep mode which saves power when no users are associated with a BS. The power model takes into account both the RF transmit power and the power consumption of hardware components such as the RF chains, the PSs and the DACs. We further propose to decouple the joint hybrid precoding problem into an analog precoding problem with a solution based on equal gain transmission and a digital precoding problem which is in the form of a relaxed semidefinite program. For both the FHP and PHP architectures, our proposed analog and digital precoders jointly associate users to the BSs with the optimal BS sleeping strategy and allow multiple streams from different BSs to a single user. Furthermore, we study the value of cooperation in terms of the power consumption, the probability of infeasible solutions and the probability of joint transmission. Finally, we study the effect of different parameters such as the number of antennas and the LOS probability on the network performance.
As opposed to [13] - [24] , we study the system performance in cooperative mmWave multicell scenarios and consider a fairly realistic model for the power consumption. Moreover, our optimization problem formulation and the proposed hybrid precoding scheme are different from those considering the FDP [25]- [28] . In [33] , we performed initial studies on the performance of hybrid precoding schemes. Compared to [33] , our current work presents analytical performance analysis of both the FHP and the PHP in cooperative networks, derives optimality conditions for user association, and considers a more accurate power consumption model. Finally, our results on the effect of cooperation and comparison of different schemes in rate-constrained conditions have not been presented before. The differences in the problem formulation and the power model makes our analytical/simulation results and conclusions completely different from the ones in the literature, e.g., [29] , [30] , [32] .
Simulation results verify that our proposed FHP gives close performance to the FDP, in terms of beam patterns and RF transmit power. As opposed to previous studies which inherently assume that the energy efficiency is improved by using the PHP with reduced number of PSs, we show that if the power consumption is dominated by the RF transmit power, the power consumption of the PHP may be higher than that of the FHP. Furthermore, simulation results confirm the value of cooperation, as it reduces the sum power consumption of the BSs and the probability of infeasible precoding solutions. For example, when the network changes from 1 BS to 2 BSs with cooperation, for a per-user spectral efficiency of 4 bit/s/Hz and 4 users, the sum RF transmit power is reduced by 71% and 65% for the FHP and the PHP schemes, respectively.
Notations:
We use bold lower-case letters like d for vectors and upper-case bold letters like R for matrices. Then, R T , R H , R (i,j) and ||R|| F denote the transpose, the Hermitian, the (i, j)-th entry of R and the Frobenius norm of R, respectively. ||d|| denotes the Euclidean norm and Tr(·)
is the trace of a square matrix. Finally, C n represents the set of n-tuples of complex numbers represented as column vectors and C m×n denotes the set of complex m × n matrices.
II. SYSTEM MODEL
We consider a multi-cell multi- In the hybrid beamforming architecture, RF chains are interconnected to antennas via PSs.
Depending on the extent of interconnections and the number of PSs needed, the hybrid precoding architectures can be further categorized to the FHP and the PHP. As shown in Fig. 1(a) , the FHP architecture requires each RF chain to be connected to all antennas via PSs. Thus, the main drawback is that the number of PSs grows fast with the number of antennas, leading to high hardware power consumption and complexity. On the other hand, the PHP architecture reduces the number of PSs and the interconnections between the RF chains and the antennas by connecting each RF chain to an antenna subarray, within which each antenna is connected to one PS. For the PHP, we additionally assume that N m /L m , ∀m, is an integer such that each RF chain is connected to an antenna subarray and they do not overlap, as shown in Fig. 1(b) .
Hence, the number of PSs required in the FHP is L m N m and it is reduced to N m in the PHP.
For the FDP, because N m = L m , PSs are not needed to connect the antennas and RF chains. The transmit symbol x k,m to user k at BS m is first precoded by a baseband digital precoder d k,m ∈ C Lm×1 then followed by an analog precoder R m ∈ C Nm×Lm , such that the precoded signals at particular angles have strong power while causing less interference to other users. The digital precoder has full control over both the amplitude and the phase of the signal, while the analog precoder is enabled by PSs and can only change the phase of the signal. For the FHP, the entries in the analog precoder have the constant amplitude constraint R
For the PHP, each RF chain is connected to part of the PSs, therefore the analog precoder has the form of a block diagonal matrix given by
A. Spectral Efficiency
To achieve spatial multiplexing and cooperative transmissions, a user k is assumed to be able to receive useful signals from multiple BSs, where the data symbols x k,m from different BSs are assumed to be mutually independent [26] , [34] . In this way, the user k implements successive interference cancellation to decode the data streams sequentially. The stronger signals are decoded first and are then subtracted from the received signals to decode the weaker signals. Considering quasi-static channels [35] which are assumed to be known by the BSs, the composite signal received by user k can be written as
is the complex Gaussian noise with variance σ 2 k , and the second term is the interference. In the case of FDB, the precoder is reduced to w k,m = d k,m by setting R m = I and N m = L m .
Assuming Gaussian signaling, the achievable spectral efficiency for user k is given by
where
is the interference power.
B. Power Consumption Model
In this subsection, we present the power consumption model for the FDP, the FHP, and the PHP. The model includes several main power consuming hardware components, which helps us to have fair comparison of the power consumption among different precoding architectures.
We consider that the power consumption of a BS consists of the hardware power consumption and the RF transmit power. The RF transmit power at BS m is given by
and the hardware power consumption is given by
Here, η m denotes the power amplifier efficiency and ∆ m is a power loss factor which accounts for the extra power dissipated at various non-transmission related parts such as power supply loss and active cooling [36] . Also, P PS , P DAC and P RF denote the power consumption of the PSs, DACs and RF chains, respectively, and N PS m is the number of PSs. The number of PSs needed by each architecture is given by the FDP: N PS m = 0, the FHP: N PS m = L m N m , and the PHP: N PS m = N m . To further reduce the power consumption, we assume that, when there are no users associated to a BS, this BS can be put into sleep mode by deactivating some of the hardware. At the sleep mode, a BS consumes a proportion of the hardware power, which is denoted by aP hw m , where a ∈ [0, 1] is the sleep-mode scalar whose magnitude depends on the number of hardware components deactivated during the sleep mode and affects the delay needed to reactive the BS [37] . Including the sleep mode, the general power consumption of BS m is given by
The above power consumption model aims to enable more accurate power consumption comparisons among various precoding architectures than previously proposed models, e.g., [21] , [32] , [33] . The reason is that, for the active mode, the hardware power P hw m is dependent on the RF transmit power P tx m , which models the load dependency of the power amplifier and power losses. By separating the hardware power and the RF transmit power, the impact of the hardware difference and the precoders can be better determined.
III. COOPERATIVE HYBRID BEAMFORMING
Considering the hardware power consumption and the sleep mode, for each of the considered precoding architectures, i.e., FDP, FHP and PHP, our objective is to find the analog and digital precoders (R m , d k,m , ∀m, k) such that the sum power consumption is minimized. The problem can be summarized as
where b m is the weighting parameter for balancing the load of BS m, (8) is the minimum spectral efficiency constraint for each user with target spectral efficiency τ k , and (9) is the maximum RF transmit power constraint on each BS. For the hybrid precoding architectures, the additional constraint (10) and (11) needs to be considered for the FHP and PHP, respectively.
The solution to problem P gives the analog precoder for each BS and the digital precoder for each BS-user pair. It also reflects the user association strategy, as the set of associated users of BS m is given by
and the set of serving BSs of UE k is given by
Solving problem P is challenging, because it is a non-convex optimization problem due to the analog precoder constraints (10) and (11) . Moreover, the design parameters involved is large due to the fact that we have to jointly design precoders for each user-BS pair. Therefore, for the single-BS setup, the hybrid precoding optimization is often solved by sub-optimal methods that decouple the analog and digital precoding processes and use iterative update over the analog and digital precoders to approach the perfermance of the FDP [13]- [18] . However, such iterative optimization methods may not be suitable for cooperative multi-cell and multi-user systems due to the fairly large amount of design parameters and feedback from all BSs, therefore, causing high computation complexity and delay.
In order to make the problem tractable, we propose a sub-optimal solution by decoupling the optimization problem P into an analog precoding problem, which only depends on the channel information, and a digital precoding problem that minimizes the sum power consumption (7) conditioned on the analog precoders. The method avoids complex iterative optimization and, as shown in Section IV, achieves close spectral efficiency for a given RF transmit power compared to FDP.
A. Analog Precoding
Define the array gain between user k and BS m as g m,k = |h H k,m R m d k,m | 2 , we seek an analog precoder R m such that the array gain is maximized. In order to decouple the analog and digital precoders, we first give an upper bound of the array gain, then we find analog precoders maximizing the upper bound, which is independent of the digital precoders.
For the FHP, using Cauchi-Schwarz inequality, the upper bound of the array gain is given by
where r k,m is the k-th column of R m and (R m ) −k is a matrix after removing the k-th column from R m .
Treating ||h H k,m (R m ) −k || 2 F ||d k,m || 2 as the interference power from other users, we simplify the array gain maximization by only focusing on the useful signal power |h H k,m r k,m | 2 ||d k,m || 2 without considering interference management. Hence, conditioned on the digital precoders, the maximization of the upper bound in (14) over r k,m gives the following analog precoding problem
The maximization problem P 1 is equivalent to the equal gain transmission problem [38] which has the analytical solution given by
where ξ ∈ (0, 2π] is an arbitrary phase and ∠h
k,m . We notice that the equal gain transmission requires K = L m , i.e., the number of serving users is equal to the number of RF chains at BS m. Here, we assume that each BS uses analog precoding to serve all users, however, after the digital precoding step, a BS may not transmit to all users, as the final users associated to BS m will be determined by both precoders according to
For the PHP, we additionally require that R m = diag[r 1,m , · · · ,r Lm,m ] with r (j)
Denoting the k-th column of R m by r k,m , following the same upper bound maximization steps, Problem P 1 can be rewritten as
whereĥ
Problem P 2 has the same form as Problem P 1 , therefore, the analytical solution is given bŷ
Although our analog precoding solution based on the equal gain transmission neglects the interference power and digital precoding, it maximizes the signal-to-noise ratio in a single-BS analog beamforming system. The analog precoders only require the channel phase information for each user and aim to maximize the upper bound of the array gain. The interference coordination and the overall array gain enhancement will be addressed by the digital precoding. As shown in our simulations, for a given RF transmit power, this low complexity analog precoding solution and the proposed non-iterative optimization approach can achieve close spectral efficiency compared to FDP.
B. Digital Precoding
To achieve our objective in minimizing the sum power consumption as shown in Problem P, next, we reformulate it to a convex semidefinite program conditioned on the analog precoders and obtain the sub-optimal digital precoders in terms of the sum power consumption.
We first rewrite the objective function (7) in its quadratic form.
T and a block diagonal matrix
the sum power consumption of all BSs can be written as
where Next, we express the spectral efficiency and the peak power constraints in more compact forms. Define the block diagonal matriceŝ
where h H k,m R m is the effective channel of user k and BS m after analog precoding. Thus, (2) can be rewritten as
To satisfy a minimum spectral efficiency τ k , (26) can be reformed to the following quadratic inequalities by using the cyclic property of the trace operation:
In order to rewrite the maximum transmit power constraints to the quadratic form, we first define
and Q m = diag (Q 1,m , · · · , Q M,m ), then (9) can be expressed as
Combining (23), (27) , and (29), for given R m and z i , we have the following digital precoder optimization problem
Problem P 3 is a convex semidefinite problem if we apply the semidefinite relaxation by replacing the constraint rank (D k ) = 1 with D k ≥ 0. Then, it can be solved efficiently using convex optimization tools and a rank-1 solution always exists given that the solution is feasible [26] .
The solution that minimizes the sum power consumption considering the BS sleep/active modes is given by solving P 3 for all possible z i . Moreover, the user association is found by checking the user-BS pairs with non-zero ||R m d k,m || 2 .
The digital precoding problem is conditioned on the analog precoders given by (17) or (21) and is independent of the hybrid precoding architectures. Although the proposed analog precoding does not guarantee the spectral efficiency and may cause some interference, the phase and amplitude are further adjusted via the digital precoding. The final sub-optimal solution in terms of the sum power consumption is based on the effective channel after analog precoding and ensures that the spectral efficiency and power constraints for all users and BSs are satisfied.
The overall proposed hybrid precoding for cooperative mmWave networks is described as follows and in Algorithm 1. In the algorithm, z o , P * tx and P * denote the optimal BS sleep indicator in terms of minimizing the sum power, the sum RF transmit power and the sum power consumption for z o , respectively. We first find R m for all BSs based on (17) or (21) 
C. Lagrangian Analysis
In order to gain insights of the cooperative transmissions and the user associations, in this subsection, we analyze the Lagrangian dual problem of the optimization problem and provide conditions for the user association strategy.
Conditioned on analog precoders, the Lagrangian of the optimization problem P 3 is given by
where λ k and µ k are non-negative Lagrange multipliers. The dual function is given by
The minimum of (34) is −∞ except for Y k ≥ 0, ∀k. Thus, the Lagrange dual problem is
Let λ * k and µ * k , ∀k denote the optimal solutions for (36) and D * k be the optimal solution for (34). Because D * k = d * k (d * k ) H and strong duality holds, the optimal digital precoders d * k can be obtained by
Because Y k is a block diagonal matrix, for each diagonal element, we have
hence, for a user k to be served by BS m, the optimal digital precoder should satisfy
Multiplying (38) with (d * k,m ) H from the left and plugging in (39), we have
Hence, if a user k should be served by BS m, the optimal multiplier should satisfy
otherwise, the RF transmit power is set to 0 in order to satisfy (42). Therefore, (43) is a necessary condition for user k to be associated to BS m. Furthermore, according to the feasibility constraint Y k ≥ 0, the Lagrange multiplier is found to satisfy 
The above expression gives the optimal user association principle in terms of the total transmit power. A user is served by multiple BSs if (45) has multiple elements, otherwise, the user is served by a single BS. According to (45), the user association strategy is not simple as it is based on the RF precoders, the target spectral efficiency, the transmit power limit and the interference power. The serving BS of a user depends on the norm of the effective channel after analog precoding R H m h k,m which is weighted by B k,m such that BSs with less interference power or higher transmit power limit are chosen.
IV. SIMULATION RESULTS
In this section, we present the simulation results for the FHP and the PHP, where the precoders are obtained by our proposed algorithm, and compare the results with those given by the FDP.
We first introduce the baseline simulation environment including the channel model and the hardware parameters. Then, we analyze the simulation results in terms of three aspects:
• Beam patterns. In Section IV-B (Fig. 2) , we plot the beam patterns of the FHP, the PHP and the FDP, which provides direct visualization of the directional transmissions and interference management achieved by the cooperative precoding. with 128 antennas, respectively. Here, the solid black line is for the PHP, the red dash-dot curve is for the FHP and the dash blue curve represents the results for the FDP.
A. Simulation Environment
Since large antenna arrays and directive transmissions make the mmWave multi-path channel sparser than the lower frequency channel, we use a clustered channel model to characterize the channel sparsity. The channel model considers a few dominant signal paths and clusters the multi-path components according to different reflections. The channel vector between BS m and user k is given by [13] - [15] h k,m = ρ k,m N m N cl N ray
where N cl is the number of clusters, N ray is the number of paths within a cluster, α i,l ∼ CN (0, 1)
is the gain of the l-th path in the i-th cluster and a m (θ m i,l ) is the normalized transmit antenna array response vector. For an N m -element uniform linear array, it is given by
where θ m i,l is the angle of departure (AOD), k = 2π/Λ, Λ is the wavelength and d = Λ/2 is the antenna spacing. Also, θ m i,l is assumed to follow a truncated Laplace distribution with mean cluster angleθ i ∼ U(θ min i , θ max i ) and angular spread σ θ i , which assumes the transmitter uses sector transmissions. For a uniform planar array of U × V elements, the array response vector is given by a m (θ, φ) = 1 √ N m 1, e jkd(sin(θ) sin(φ)+cos(φ)) , · · ·, e jkd((U −1) sin(θ) sin(φ)+(V −1) cos(φ)) T , where θ and φ denote the azimuth and elevation angles, respectively.
The path loss in mmWave channels differs greatly depending on the LOS and NLOS environment [9] , [31] , [39] . In order to incorporate both the LOS and NLOS models together, the path loss of LOS or NLOS transmissions is determined by a LOS probability as a function of the transmission distance. In this way, the path loss between BS m and user k is given by
whered is the distance and I(p L (d)) is a Bernoulli random variable. The LOS probability is given by p L (d) = e −βd [40] , where the exponentially decaying probability models the fact that the probability of LOS decreases with distance and β models the average blockage density that causes the NLOS condition.
The path loss follows the close-in free space reference distance model and is of the form [31] , [39] PL LOS/NLOS [dB] = 20 log 10 4π λ + 10n LOS/NLOS log 10 (d) + X LOS/NLOS ,d ≥ 1 m, (50)
wheren LOS/NLOS and X LOS/NLOS are the LOS and NLOS dependent path loss exponent and log-normal distributed shadowing with standard deviation σ LOS/NLOS , respectively.
We choose hardware power consumption values given in Table I for reference in our simulations. Such parameter settings are in harmony with, e.g., [21] , [32] , and have been selected based on our discussion with Ericsson, so that we provide fair comparisons for different architectures.
The simulation results are averaged over 
C. On Power Consumption
In this subsection, we assess the power consumption of different architectures and show the effect of the number of antennas and the sleep mode scalar a on the power consumption.
Setting M = 2 BSs, K = 4 users, N m = 64 antennas, L m = 4 RF chains per BS, Fig. 3 shows the sum RF transmit power consumption P * tx versus target spectral efficiency. It confirms that, for a given RF transmit power, the FHP scheme can achieve close spectral efficiency compared to the FDP and it is also true for other BS settings not shown here. However, the PHP needs to transmit with more power than the FDP or the FHP to achieve a given target spectral efficiency.
Intuitively, this is because the reduced number of RF chains and PSs leads to less control over the precoders. In order to satisfy a high target spectral efficiency, it becomes difficult for the PHP to form as energy-focusing beams as the FDP or the FHP, thus the PHP needs to increase the RF transmit power.
To examine the effect of antennas and PSs on the power consumption, we compare the sum power consumption for two PS power values P PS = 10 mW and P PS = 40 mW in Fig. 4 . Here, the results are presented for the cases with the number of BSs M = 2, the number of users K = 4 and the target spectral efficiency τ k = 4 bit/s/Hz per user. Figure 4 shows that, for small array sizes, the sum power consumption of the FHP decreases with the number of antennas as a result of increased beamforming gains and, thus, reduced RF transmit power. However, the sum power consumption starts to increase for larger number of antennas and the increase rate is larger for a larger P PS . This is intuitively so because the power consumption is dominated by the increased hardware power when the number of antenna is large. Also, Figure 4 shows that the sum power consumption of the PHP keeps decreasing with the number of antennas since the number of PSs needed in the PHP increases less quickly than that of the FHP and the power consumption is dominated by the decreasing RF transmit power. Therefore, depending on how fast the hardware power increases with the number of antennas, there exists a cross-over point where the PHP outperforms the FHP, in terms of the sum power consumption for a given target spectral efficiency. The result indicates that, in order for the PHP to consume less power than the FHP, the RF transmit power gap between the PHP and the FHP needs to be reduced, which can be achieved by increasing the number of antennas or improving the PHP architecture such that a larger beamforming gain is achieved.
D. On the Value of Cooperation
In this subsection, we show simulation results for different number of BSs and analyze the value of cooperation, in terms of the power consumption, infeasibility probability, as well as the BS cooperation probability.
Setting the number of antennas N m = 64, the number of users K = 4, the number of RF chains L m = 4 per BS and the target spectral efficiency τ k = 4 bit/s/Hz per user, Fig. 5 (a) and 5(b) show the sum RF transmit power and the sum power consumption versus the number of cooperative BSs, respectively. As seen in Fig. 5(a) and (b), there is small difference between the case with all BSs being active and the case with the sleep mode for all architectures. This is, intuitively so, because when M < 3 the average BS activation probability of the FHP scheme is close to 100% and it decreases to around 30% at M = 5. Even though more power is saved in In Fig. 5(a) , the sum RF transmit power is shown to decrease with the number of BSs for all architectures. Comparing a cooperative network having 2 cooperative BSs with the cases having 1 BS, the sum RF transmit power consumption is reduced by 65%, 71% and 56% for the FDP, the FHP and the PHP (see Fig. 5(a) ), respectively. The result shows that the network densification and cooperative transmissions lead to a better chance for a user to be served by BSs with good channel conditions, thus, requiring less RF transmit power to achieve a target spectral efficiency 1 . In Fig. 5(b) , the sum power consumption is reduced by 54%, 64% and 55% for the FDP, the FHP and the PHP, respectively, when M = 1 → 2. For M > 4, the PHP starts to consume less sum power than the FHP, which is due to the fact that the hardware increase has less effect on the sum power consumption than that of the FHP, and the sum power consumption of the PHP is dominated by the decreasing RF transmit power. The results in Fig. 5 indicate that, due to the network densification, cooperative transmissions have the potential to reduce both the RF transmit power and the sum power consumption of the network.
To examine the feasibility of the proposed precoding algorithm under different blocking conditions, the infeasibility probability is illustrated in Fig. 6 for the number of antennas N m = 64, the number of users K = 4, the number of RF chains L m = 4 per BS and the target spectral efficiency τ k = 4 bit/s/Hz per user. Here, the infeasibility probability is defined as the probability that a feasible precoder solution cannot be found to support the target spectral efficiency. For a fixed β which models the blockage density, the results show that the infeasibility probability drops substantially from single BS transmission to cooperative transmissions and converges to 0 as M increases. For a given M , as expected, the infeasibility probability increases with β as a result of the increased NLOS transmissions. The results indicate that cooperative networks is effective in reducing the infeasibility probability in areas with dense blockages and many NLOS transmissions.
In Fig 7, the joint transmission probability, defined as the probability that a user is served by more than one BS, is shown for the cases with N m = 64, K = 4, L m = 4 per BS and τ k = 4 bit/s/Hz per user. For M > 2, the joint transmission probability of the FHP and the PHP increases with β, as it becomes difficult for a single BS to satisfy the target spectral efficiency when the probability of NLOS transmission is high. Also, we notice that the joint transmission probability decreases when the number of BSs approaches the number of users. Intuitively, this is because joint transmissions from multiple BSs impose additional interference to other users and the algorithm tries to assign one BS per user. Even though the joint transmission probability is small, BS joint transmission still provides performance gain in the following two aspects.
First, by jointly performing the user association, a user is optimally associated with BSs having good channel conditions and least transmit power that satisfies the quality-of-service constraints.
Second, the BS sleep strategy reduces the average activation probability for larger number of cooperating BSs, thus optimizing the sum power consumption. Additionally, Fig 7 shows that, for the same β, the joint transmission probability of the PHP is higher than that of the FHP, since the infeasibility probability of the PHP is larger, thus requiring more help from other BSs.
To check the effect of number of BSs on the RF transmit power range, Fig. 8 The simulations in this subsection verify that a cooperative network with more BSs can achieve lower RF/sum power consumption, and is effective in reducing the infeasibility probability and transmit power variations. However, we also notice that the BS cooperation increases the backhaul and coordination overhead [41] , studying their effects on the network performance is out of the scope of this paper and is left for future work.
V. CONCLUSION
In this paper, we proposed a hybrid beamforming algorithm that enables joint transmissions in a cooperative multi-cell multi-user mmWave network. By allowing joint transmissions from multiple BSs to each user, we first showed that minimization of the sum power consumption with minimum user rate constraints and maximum RF transmit power constraints can be decoupled into independent analog precoding and digital precoding problems. Next, we analyzed the Lagrangian dual problem of the convex digital precoder optimization problem which gave the conditions for the optimal user association strategy that minimizes the sum power consumption of the network. Simulation results have been presented for various architectures including the FDP, the FHP and the PHP. Simulations on the power consumption verifies that the FHP achieves close RF transmit power compared to the FDP and the hardware power consumption has a large impact on the sum power consumption of the hybrid precoding architectures. Simulations on different number of BSs show that the FDP, FHP and PHP schemes are each best under different number of cooperative BSs. The results demonstrate that cooperative transmissions have the advantage of reducing the sum power consumption of the network, the infeasibility probability and the RF transmit power variations.
